Different sensory organs, such the eye and ear, are widely thought to have separate origins, guided by distinct organspecific factors that direct all aspects of their development. Previous studies of the D. melanogaster gene eyeless (ey) and its vertebrate homolog Pax6 suggested that this gene acts in such a manner and specifically drives eye development 1,2 . But diverse sensory organs might instead arise by segment-specific modification of a developmental program that is involved more generally in sensory organ formation. In D. melanogaster, a common proneural gene called atonal (ato) functions in the initial process of development of a number of segment-specific organs, including the compound eye, the auditory organ and the stretch receptor 3,4 , suggesting that these organs share an evolutionary origin. Here we show that D. melanogaster segment-specific sensory organs form through the integration of decapentaplegic (dpp), wingless (wg) and ecdysone signals into a single cis-regulatory element of ato. The induction of ectopic eyes by ey also depends on these signals for ato expression, and the ey mutant eye imaginal disc allows ato expression if cell death is blocked. These results imply that ey does not induce the entire eye morphogenetic program but rather modifies atodependent neuronal development. Our findings strongly suggest that various sensory organs evolved from an atodependent protosensory organ through segment specification by ey and Hox genes.
Use of a neuron-specific 22C10 antibody also showed that the expression of Dad blocked neural differentiation in the chordotonal organ (arrowhead) of the leg disc (e).
(f) ATO expression in leg discs of wild-type (top) and UAS-pan∆N/dpp-Gal4 larvae (bottom). Blocking the WG signal caused ectopic ATO expression in the ventral region of the disc (arrows).
Compound eyes start to form at an early third instar larval stage at the posterior edge of the eye imaginal disc (Fig. 1a) , where two morphogens, DPP and WG, determine the site of eye initiation; dpp expressed at the posterior edge initiates eye development, and wg at lateral edges inhibits eye development laterally 5 . We examined whether these conditions for eye formation also apply to Johnston's organ and the chordotonal organ. The forming Johnston's organ and chordotonal organ were detected as ATO-positive cell clusters ∼80 h after egg laying (AEL; Fig. 1a ). These clusters were located adjacent to the dpp-expressing cells in regions where wg was not expressed. When DPP signaling was blocked by the overexpression of Daughters against dpp (DAD), an intracellular negative regulator of DPP signaling 6 , ATO expression was lost from all imaginal discs, and neither Johnston's organ nor the chordotonal organ formed (Fig. 1b-e) . Conversely, overexpression of a dominant-negative form of Pangolin (PAN, also called dTCF), a key transcription factor mediating the WG signal 7 , caused ectopic ATO expression in the ventral side of leg imaginal discs (Fig. 1f) . These results indicate that the conditions that control eye formation also restrict the positions of Johnston's organ and the chordotonal organ. Both Johnston's organ and the chordotonal organ formed simultaneously with the initiation of eye formation (Fig. 1a) , suggesting that the induction of these three organs requires a temporal condition.
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VOLUME Because dpp and wg are expressed earlier than 80 h AEL and thus probably do not provide temporal specificity ( Fig. 2a-d) , we considered the hormonal factor ecdysone, as it is required for multiple aspects of eye morphogenesis in insects 8 . We used a temperature-sensitive allele of the ecdysoneless (ecd) mutant, which affects ecdysone synthesis or release in the ring gland 9 , to reduce the ecdysone titer at various developmental stages (Fig. 2e) . When the temperature was shifted at an early third instar larval stage (72-96 h AEL), ATO expression never initiated in each imaginal disc, and the eye, Johnston's organ and the chordotonal organ did not form (Fig. 2g) . Exposure to the restrictive temperature at other stages had no effect on the formation of these sensory organs, although a temperature shift after the initiation of eye development affected the progression of the morphogenetic furrow as previously described 10 ( Fig. 2f,h ). These results suggest that the temporal signal to initiate the formation of the eye, Johnston's organ and the chordotonal organ is provided by ecdysone. A probable mechanism for the shared control of sensory organ development is for the common spatiotemporal information to be interpreted by a single gene. Because ato expression is controlled by these conditions, we analyzed its transcriptional regulatory sequences. Whereas the 5′ region of ato contains multiple autoregulatory enhancers that are specific to a particular sensory organ, the 3′ region is required for the initiation of expression in the compound eye, Johnston's organ and the chordotonal organ 11 and is thus a good candidate for the common entry site for the spatiotemporal signals. A lacZ reporter gene carrying a 6.4-kb genomic fragment of the ato 3′ enhancer (3′E:6.4) initiated expression 80 h AEL in these organs in a pattern indistinguishable from that of ato itself (Fig. 3a,f,g ). Furthermore, this enhancer responded to manipulations in DPP and WG signals in the same way as endogenous ato (Fig. 3d,e) . Thus, this 3′E:6.4 genomic fragment of ato integrates all known spatial and temporal signals involved in the control of shared aspects of sensory organ formation.
Within the 3′E:6.4 enhancer are two sites that match the consensus binding sequence for MAD, a downstream transcription factor of the DPP signal 12 . Mutating either of the two sites substantially reduced lacZ expression in all three sensory organs, and mutating both sites abolished 3′E:6.4 activity (Fig. 3b,c) . These findings show that the two MAD binding sites in the ato regulatory element allow all three sensory organs to receive the DPP signal, implying that the target site of the DPP signal in D. melanogaster has been conserved during the diversification of sensory organs.
The conservation of a molecular basis for sensory organ formation may imply that the compound eye, Johnston's organ and the chordotonal organ all evolved from an ancestral ato-dependent sensory organ (protosensory organ). Derivation of diverse sensory organs from a protosensory organ is consistent with the idea that the body of an arthropod ancestor consisted of repeats of homogeneous segments 13 . In this putative worm-like ancestor, each segment must have possessed a protosensory organ that formed within the molecular environment common to all the segments. We expect, at least in arthropod evolution, that such a protosensory organ consisted of several scolopidia, neuronal units that constitute scolopophorous organs such as Johnston's organ and the chordotonal organ, because this structure is distributed widely among arthropod groups, and in adult insects, the scolopophorous sensory organs can be generated in every body segment 13, 14 .
The formation of the eye in various organisms depends on PAX tran- Imaginal discs in which ey was ubiquitously expressed using hs-GAL4, by applying 1 h of heat-shock at 37 °C during 72-96h AEL, are shown. All panels, except for c, show a leg disc (top) and a wing disc (bottom) at late third instar larval stage. (c) Nonheat-shocked control discs. Ey-an, eye-antennal disc. Eye differentiation was visualized using a GBS-lacZ reporter (c,d) or the neuronal marker ELAV (e,f, arrowheads). Eye differentiation occurred only in several restricted regions in the leg and wing discs, whose positions within the discs were invariant despite subtle changes in the timing of heat shock (number of discs examined: leg discs, 3,400; wing discs, 1,100). Similar results were obtained with the earlier differentiation marker Dachshund (data not shown). Ectopic eyes were located adjacent to dpp-expressing cells (e) and far from the region that expressed wg (f), both visualized using lacZ reporter genes. (g) Similar spatial restrictions applied when ey was expressed in randomly generated clones. Although ey-expressing clones formed in various regions of the disc (white arrows, middle panel), the position that expressed neuronal marker ELAV (brown, left panel) was restricted. Right panel shows positions of all clones (solid circles) generated in leg and wing discs (13 discs each). Clones that included an ectopic eye are shown in red. (h,i) dpp and wg restrict the site of ectopic eye induction. Coexpression of ey and a constitutively active form of DPP receptor Thickveins induced large ectopic eyes in regions far from the dpp expression domain (h). Coexpression of wg with ey completely blocked ectopic eye formation by ey (i). Expression was driven by dpp-GAL4(4A. 3) , in which GAL4 is broadly expressed in the posterior region of the leg and wing discs. ELAV + cells in the leg disc (i) are precursors of endogenous bristles. 2). The ability of ey to form eyes at ectopic positions led to the proposal that ey is a 'master control gene' of the eye, controlling all aspects of eye formation 2 . If, as our results suggest, the eye, Johnston's organ and the chordotonal organ have a common origin, eye formation should depend not only on ey expression but also on the spatial and temporal conditions that controlled the formation of the protosensory organ 15 . To examine whether the ability of ey to promote eye differentiation is restricted spatially or temporally, we expressed ey ubiquitously at various developmental stages. In all discs examined, ey was able to generate ectopic eyes only when expressed ∼80 h AEL, the time of endogenous sensory organ formation (Fig. 4a,b) .
This responsiveness to ey was also restricted spatially; ectopic eyes formed only in small groups of cells located close to the anterior-posterior compartment boundary where dpp is expressed 16 and distant from the expression domain of wg. This pattern is identical to the spatial relationships of endogenous eye and scolopophorous sensory organs with respect to these two morphogens (Fig. 4d-g ). We also observed spatial restriction of ectopic eye formation when ey was expressed randomly in clonal patches, indicating that this restriction is independent of the method of ey misexpression (Fig. 4g) . To test whether DPP and WG regulate ectopic eye formation, we expressed ey under conditions where DPP or WG signals are artificially activated. Coexpression of ey and a constitutively active form of the DPP receptor Thickveins 17 induced ectopic eyes in regions where dpp is not expressed, and coexpression of wg with ey completely blocked ectopic eye formation (Fig. 4h,i) . Thus, the ability of ey to generate an eye is not ubiquitous but is restricted by the same spatiotemporal conditions that are required for the formation of the endogenous eye and scolopophorous organs. If the activity of Eyeless depends on the conditions that determine the formation of sensory organs in general, ey probably does not control all aspects of eye organogenesis. To address the function of ey in eye formation, we reexamined the loss-of-function phenotype of the ey mutant, eyeless 2 (ey 2 ), which is an amorphic allele in the eye field 1 . Removing ey activity in the eye imaginal disc caused extensive apoptosis (Fig. 5a,b) 18 , but if apoptosis was blocked, a cluster of ATO-expressing cells formed in ey 2 eye imaginal discs (Fig. 5c,d) . Thus, ATO expression can be uncoupled from eye differentiation in an ey mutant eye disc, implying that these two processes are linked by ey. We propose that ey modifies the preexisting genetic program of sensory organ formation to generate a specific sensory organ, the eye. Our results further suggest that ey functions parallel to or downstream of ATO expression and sensory organ formation, rather than being an upstream master control gene.
Modification of a protosensory organ probably occurred in an arthropod ancestor, accompanying morphological changes of homogeneous segments into diverse ones, a process governed by Hox or homeotic genes. The development of the posterior part of the head region depends on the activity of homeotic genes of the Antennapedia complex, but no homeotic gene has yet been identified for the eye segment, which includes both the compound eye and the surrounding head capsule 19 . ey is a good candidate to have a Hox-like function in specifying the eye segment, because both the presumptive eye and the region that surrounds the eye express and require ey 20, 21 . Furthermore, ectopic expression of ey could produce head structures other than the eye, such as bristles (Fig. 5e,f) . These results suggest that ey has a Hox-like function, specifying the eye segment rather than the eye alone 22, 23 . During evolution, the appearance of segment-specific Hox genes probably modified not only the character of each segment along the anteroposterior axis but also the structure and function of the sensory organ contained in the segment (Fig. 5g,h) . As the development of vertebrate sensory organs has many molecular similarities to that of sensory organs in D. melanogaster [24] [25] [26] [27] [28] , similar mechanisms of sensory organ diversification might also have functioned in the evolution of the vertebrate body structure. When apoptosis in the ey 2 eye disc was blocked by overexpression of a caspase inhibitor p35 (green), groups of cells (arrows) were found that expressed ATO (red) but not eyespecific Glass (blue). Because these clusters do not form the morphogenetic furrow, which is an eye-specific feature, the cluster remained small, unlike the endogenous ATO-positive cluster, which spreads by furrow progression. We were unable to follow the differentiation of these ATO-positive cells, presumably because these cells are in a 'ground state' that does not correspond to any sensory organ present in D. melanogaster. (e,f) Ectopic ey expression produces not only the eye but also surrounding head structures. High magnification of the ectopic eyes formed in the wing blade (e) and in the leg tibial segment (f) of y w hsFLP; AyGAL4/UAS-ey adults. Ectopic eyes are surrounded by long sensory bristles (black arrows). Leg bristles (white arrows) have specific structure called bracts, but bristles formed by ectopic ey are not associated with bracts and instead resemble hairs surrounding the endogenous eye. Red pigments in the ectopic eye (arrowhead in e) leached out in the mounting medium. (g,h) A model for diversification of segment-specific sensory organs. In an ancestral arthropod, spatiotemporal signals such as DPP and WG directed the formation of an ato-dependent protosensory organ (g). The protosensory organ was subsequently modified by segmental identity genes such as ey and Hox genes, generating various segment-specific sensory organs (h). Whether the ecdysone signal induces ato expression directly or indirectly is unknown. JO, Johnston's organ; CH, chordotonal organ. 
Transgenic flies.
We excised an ato 3′ enhancer from the DS03128 D. melanogaster P1 clone as a 6.4-kb BamHI-BamHI fragment and cloned it into the pCaSpeR hs43 lacZ vector. We used site-directed mutagenesis to change two Mad binding sites (5′-ccgagtGCCGGCGattcga-3′, located at +2,451 bp downstream of the ato transcription start site, and 5′-ggcagtGCCGCCGacacag-3′, located at +3,221 bp) to 5′-ccgagtCTAGAGCattcga-3′ and 5′-ggcagtCTGCAGT acacag-3′, respectively. We also cloned mutated 6.4-kb genomic fragments into pCaSpeR hs43 lacZ. We constructed GBS-lacZ by inserting a NLS-lacZ gene into the GMR vector 30 . It expresses nuclearly localized β-galactosidase under the control of the eye-specific Glass protein. 
